The zoophilic dermatophyte Trichophyton verrucosum is the most important causative agent of bovine dermatophytosis. Additionally, it causes profound and poorly healing skin infections in humans indicating the high zoonotic potential. The objective of this study was to establish differentiation of T. verrucosum from other dermatophytes by mass spectrometry and to identify distinct features of the mass spectra. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) was successful for identification of this pathogen only after extension of the database of the manufacturer with spectra from T. verrucosum strains, which were identified as such by sequencing of the internal transcribed spacer (ITS) region. MALDI-TOF MS analysis was conducted with 46 field isolates from cattle, two live vaccine strains, and 10 isolates from humans identified as T. verrucosum by sequence analysis of the ITS region. The results suggest a very good agreement of both methods. Comparison with the mass spectra of 68 strains of other keratinophilic fungi revealed that most T. verrucosum wild-type isolates showed a characteristic peak at 7950-7954 m/z, which was missing in the spectra of other keratinophilic fungi and the live vaccine strains. The spectra of T. verrucosum were most similar to the spectra of T. benhamiae, an emerging zoophilic dermatophyte. In summary, MALDI-TOF MS is a powerful and reliable tool to identify T. verrucosum.
Introduction
Bovine trichophytosis (bovine ringworm) is caused by the zoophilic dermatophyte Trichophyton verrucosum and is a very widespread infectious disease in cattle throughout the world. 1 This keratinolytic fungus invades the skin, hair, and with skin lesions, impairment of juvenile development, and reduction in milk production leading to substantial economic losses. 3 In humans, it causes highly inflammatory cutaneous infections often resulting in dermal scars. 4 Generally, the prevalence in humans varies between countries depending on the number of cattle and the contact between humans and infected animals. 1 For prophylaxis as well as therapy, two attenuated live vaccines (LTF-130 and TV-M-310) and some inactivated vaccines are currently available in bovine practice in Europe. 5 Although dermatophytes are known for their high keratinolytic activity, 6 the incubation time of bovine ringworm is approximately 60 days as T. verrucosum needs a long time to invade the skin. 7 Furthermore, it grows very slowly in vitro, 8 a feature which hampers diagnosis by culture. However, differentiation of this dermatophyte is crucial in order to select the right antifungal therapy, detect the epidemiological origin and to initiate appropriate preventative measures. 9 Matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) technology has become very important for the routine diagnostic differentiation of bacteria and fungi. 10 For reliable species identification by MALDI-TOF MS, an adequately validated database of reference spectra is required. 11 This study was designed to establish an extensive database of master spectra from T. verrucosum strains in order to achieve an increased accuracy of identification.
Beyond that, we analyzed master spectra to detect species specific peaks and thus enable species differentiation independent of commercially available databases.
Methods

Strains and growth conditions
Forty-six clinical isolates of T. verrucosum were obtained from 15 different cattle herds from 2013 to 2016 by culturing skin scrapings of typical skin lesions. The samples were mainly collected in the Eastern part of Germany (Table 1) 12 Beauveria bassiana and Chrysosporium sp.
were cultured for 2 weeks at 28
• C on dermatophyte agar without supplements.
Differentiation and characterization by standard morphological methods
After culturing, morphological and microscopic evaluation of dermatophyte isolates was performed following standard procedures. 8 For this purpose, a lactophenol aniline blue (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) preparation was made for microscopic examination.
Differentiation by MALDI-TOF mass spectrometry
The mass spectrometric analysis was done using the Biotyper Microflex LT model (Bruker Daltonik GmbH, Bremen, Germany). The preparation and processing of samples was conducted essentially as recommended by the manufacturer (Bruker Daltonik GmbH, Revision 3.3 in May 2015, standard operating procedure for cultivation and sample preparation for filamentous fungi). Specifically, three equal pieces (1 mm × 1 mm) from the periphery of a colony were picked with an inoculation needle and transferred into two different liquid media, Sabouraud broth (Sifin Diagnostics GmbH) and brain heart infusion broth (Oxoid GmbH, Wesel, Germany). Subsequently, the tubes with the fungal mycelium were incubated for 48 h at 28
• C on a linear shaker. The liquid cultures with the fungus were transferred into closable plastic tubes (Safe-Loc, Eppendorf Vertrieb Deutschland GmbH, Wesseling-Berzdorf, Germany) and were washed with 10 µl of 10% Tween 80 solution (Sigma Aldrich Chemie GmbH, Taufkirchen, Germany), vortexed and centrifuged for 10 min at 9520 g. The supernatant was carefully removed and the pellets were washed thoroughly with 1 ml deionized sterile water. Repeated vortexing, centrifugation, and removal of the supernatant was done, and the pellets were mixed with 200 μl deionized sterile water and 600 μl absolute ethanol. The samples were frozen at −80 • C for 12 h. After thawing, the pellets were centrifuged and the supernatant was discarded once again. Subsequently, the pellets were dried 30 min at 28 • C. Afterward, 50 μl 70% formic acid and subsequently 50 μl acetonitrile were added to the pellet. After centrifugation, 2 μl of the supernatant was transferred to a MALDI target plate (MSP Daltonik GmbH. For a detailed comparison, the identified mass numbers from each sample were analyzed. The internal database of the manufacturer (Bruker Daltonik GmbH) was extended with 10 human T. verrucosum strains and three bovine strains identified as such by ITS sequencing first (Table 1) .
Identification by ITS sequence analysis
The sequence analysis of the internal transcribed spacer (ITS) region of the ribosomal DNA was performed for all 126 dermatophyte strains for species identification and differentiation with a further independent method. The respective DNA fragment was amplified with the universal fungal primer pair V9D and LSU266. 11 Sequences of the amplification products were determined by Sanger sequencing using these oligonucleotide primers. For species determination, sequences were compared to the National Centre for Biotechnology database using standard nucleotide blast. On average, 24% of the cattle of a stock were affected with typical clinical signs of trichophytosis. Furthermore, at least nine employees of five farms showed typical symptoms of dermatophytosis. Additionally, 10 T. verrucosum strains isolated from humans from 2013 to 2016 (Table 1) were collected. All isolates showed a colony morphology and arthroconidium formation typical for T. verrucosum. As it was not very difficult to identify infected herds in the Eastern part of Germany and to obtain various T. verrucosum strains recently isolated from humans from a single diagnostic laboratory, it is reasonable to state that trichophytosis is a common disease in cattle in Germany and a neglected zoonosis.
The main objective of this study was to evaluate MALDI-TOF MS as a diagnostic tool for differentiation of this neglected zoonotic pathogen. To achieve this, we investigated not only the described field isolates but also other dermatophytes and closely related fungi with this technology (see Table 1 ). Using the original database of the manufacturer (MALDI-Biotyper Compass Explorer -Modul Version 4.1.30, Bruker Daltonik GmbH), MALDI-TOF MS analysis failed to identify any of the dermatophyte isolates from cattle reliably (score ≤ 1.70). Note that a score of 1.7-1.99 allows only probable genus identification but no species identification and a score of 0.0-1.69 no reliable identification (Bruker Daltonik GmbH). Thus, we extended the database by including spectra of strains identified as T. verrucosum and T. benhamiae by ITS sequence analysis. Using the extended, validated database, the differentiation of all isolates from cattle with MALDI-TOF MS was successful, as these isolates obtained a score ≥ 2.00. Furthermore, the matching list showed only T. verrucosum strains for the top 10 hits in all cases. Generally, a score of 2.3-3.0 corresponds to highly probable species identification and a score of 2.0-2.29 to probable species identification and secure genus identification (Bruker Daltonik GmbH). However, because only T. verrucosum strains were found in the top 10 of the matching lists, identification of all isolates by MALDI-TOF MS is regarded as highly probable based on personal communication with the manufacturer (Bruker Daltoniks GmbH). Additionally, the scores of other selected dermatophytes were ≥ 2.00 (extended database) with a few exceptions such as T. tonsurans 213036 15 (score 1.95) and T. mentagrophytes 212031 15 (score 1.93). Comparative MALDI-TOF MS analysis of T. verrucosum isolates cultivated in Sabouraud broth and brain heart infusion broth revealed very similar spectra and scores. Significant differences between the scores for the two cultivation methods were not recorded (Supplementary Data S2). These results indicate that either of the two media can be used in the course of mass spectrometric identification of T. verrucosum. A distance dendrogram based on the mass spectrometric data was generated to identify similarities and clusters of different dermatophyte isolates (Fig. 1) . At least one T. verrucosum field isolate from each infected farm (n = 14) was selected for the generation of this dendrogram. In addition, 10 human and two vaccine strains of T. verrucosum as well as veterinary and human isolates of T. benhamiae and other dermatophytes were included. All dermatophyte isolates were arranged in distinct clusters together with other isolates of the same species. Interestingly, five isolates of T. verrucosum formed a cluster with the investigated strains of T. benhamiae, formerly known as T. anamorph of Arthroderma benhamiae (Fig. 1) . This cluster is closely related to the cluster of the other T. verrucosum isolates, indicating a high similarity between these Trichophyton species. Human and veterinary T. verrucosum strains grouped together in these two clusters. These results are in accordance with the generally accepted understanding that T. verrucosum infections in humans originate from contact with cattle. 3 Vaccine strains are grouped in the cluster con-
taining only T. verrucosum strains (lacking T. benhamiae).
Analysis of the peaks of the various T. verrucosum spectra revealed that a specific peak at 7950-7954 m/z is significantly associated with T. verrucosum (Fig. 2) . This peak was not detected in spectra of any other investigated dermatophyte. Interestingly, this peak appeared in 89.2% and 70.0% of the bovine and human T. verrucosum strains, respectively, but not in the spectra of the vaccine strains (Fig. 2) . Another peak (7721-7725 m/z) was observed only in the spectra of T. verrucosum and T. benhamiae isolates but not in the spectra of other dermatophytes. Furthermore, a putative dermatophyte-specific peak (6848-6852 m/z) was noticed as it was lacking in the spectra of the investigated keratinophilic fungi Chrysosporium sp. and Beauveria bassiana.
Discussion
Bovine trichophytosis is a common disease in Germany. However, very little research is conducted on this pathogen though it is economically relevant and an important zoonotic agent. Noteworthy, at least 10 independent human isolates of T. verrucosum were available in a single human diagnostic laboratory collected in a period of just 3 years. Furthermore, we observed severe symptoms of dermatophytosis in nine employees of different cattle farms investigated in this study. The diagnosis T. verrucosum was confirmed by a different diagnostic laboratory in three of these employees. The other employees rejected a respective diagnostic procedure because of legal restrictions regarding their work in case of a positive diagnosis. Though this study was not designed to determine the prevalence of dermatophytosis in humans, these observations suggest that this zoonosis might be substantially underreported. Noteworthy, a very recent retrospective epidemiological study in France suggests that T. verrucosum is an emerging pathogen in humans which might profit from increased humidity. 13 Based on the role of T. verrucosum in dermatophytosis of cattle and humans, we deemed it important to evaluate differentiation of this pathogen by MALDI-TOF MS, a method that has revolutionized clinical microbiology. Though differentiation of dermatophytes by MALDI-TOF MS was investigated previously, T. verrucosum was only scantily considered in these studies. Mass-spectrometric identification of T. verrucosum failed using the commercial Bruker database. Thus, we extended the database with 13 T. verrucosum strains of bovine or human origin for reliable identification. MALDI-TOF MS analysis with the extended database resulted in a highly probable species identification for the remaining 45 T. verrucosum isolates investigated in this study and confirmed as such through ITS sequencing. The complete agreement of results obtained by MALDI-TOF MS and sequence analysis confirms that MALDI-TOF MS is a powerful and reliable tool to identify T. verrucosum, a result that was also obtained for other dermatophytes. 14 Field strains and vaccine strains of T. verrucosum showed only minor differences in the spectra. Accordingly, they arranged mixed in the same cluster indicating that mass-spectrometric differentiation of vaccine strains and field strains is difficult. The only possible mass spectrometric differentiation between field and vaccine strains was the T. verrucosum related peak 7950-7954 m/z, which did not appear in the spectra of the vaccine strains. However, this peak was also lacking in 13% of the field strains. To the best of our knowledge, the reason for the attenuation of the vaccine strains is not known, and genotypic or phenotypic markers of these strains have not been described. It has been noted that the protein spectrum of the attenuated vaccine strains might be reduced; additionally the vaccine strains form more microconidia as field strains. 15 Thus, it is currently to the best of our knowledge impossible for a diagnostic laboratory to differentiate these vaccine strains from field isolates. In the future, detection of a peak at 7950-7954 m/z in MALDI-TOF MS analysis of a T. verrucosum isolate may be used to exclude that the strain is one of the two licensed vaccine strains, which is an important outcome of this study. Noteworthy, the T. verrucosum strain collection investigated in this study includes isolates from Germany and one isolate from Austria. Thus, we cannot exclude that the characteristic peak at 7950-7954 m/z is lacking in strains isolated in other countries. As the T. verrucosum strain 207674 15 from Austria showed also this specific peak (at 7953 m/z), it appears unlikely that this is a feature not found in strains from other European countries. However, ITS sequence type I T. verrucosum strains were not detected in this study, though this type is very prevalent in Tunisia. 1 Thus, MALDI-TOF MS analysis of type I strains should be conducted in the future to clarify if the specific peak at 7950-7954 m/z is also found in type I strains.
Furthermore, a putative dermatophyte-associated peak (6848-6852 m/z) was identified that might help to differentiate dermatophytes from other keratinophilic fungi such as Chrysosporium sp. Differentiation of dermatophytes from other filamentous fungi is important to exclude a nondermatophyte onychomycosis (NDO). Noteworthy, the estimated prevalence of NDO is over 10%, and the diagnosis by culture or direct examination using conventional criteria might be difficult. 16 In the dendrogram, five isolates of T. verrucosum belonged to the same cluster as T. benhamiae isolates, a closely related dermatophyte. This does not mean that the species designation of these five T. verrucosum isolates was false because the arrangement of strains in the dendrogram is based on a peak-matching algorithm of the Bruker software package which is not published. 17 These five isolates were clearly identified as T. verrucosum by high scores in MALDI-TOF MS analysis and a respective matching list including only T. verrucosum strains in the top 10. Additionally, the associated T. benhamiae strains were also unambiguously identified using the same criteria. 
